This paper presents the detailed modeling and simulation of the dynamic coupling between an autonomous underwater vehicle (AUV) and a manipulator. The modeling processes are described with the incorporation of the most dominating hydrodynamic effects such as added mass, lift and drag forces. The hydrodynamic coefficients are derived using strip theory and are adjusted according to dynamical similarity. A fuzzy decoupling controller (FDC) is proposed for an autonomous underwater vehicle-manipulator system (UVMS) which consists of two subsystems, an underwater vehicle and a manipulator. The proposed controller uses a fuzzy algorithm (FA) to adaptively tune the gain matrix of the error function (EF). The EF is described by the integral sliding surface function. This technique allows the off-diagonal elements developed for decoupling the system to be incorporated in the gain matrix. Tracing the FA and EF back to the principle of feedback linearization, one further obtains evidence about the decoupling and stability of the system. Moreover, a desired trajectory with the consideration of the dynamic coupling of the AUV is designed to reduce the thruster forces and manipulator's torques. This technique provides high performance in terms of tracking error norms and expended energy norms. A major contribution of this study is that it adopts the off-diagonal elements to exploit the dynamic coupling between the degrees of freedom of the subsystem and the dynamic coupling between the two subsystems. Simulation results demonstrate the effectiveness and robustness of the proposed technique in the presence of parameter uncertainties and external disturbances.
I. INTRODUCTION
AUVs equipped with on-board manipulators play an increasingly important role in marine research in recent years. Such systems called autonomous underwater vehicle-manipulator systems (UVMSs) are required in many applications, such as performing grabbing, sampling, opening and closing valves. With the wide uses of such systems, there is a concomitant need for accurate simulations. Dynamic simulation can be a beneficial tool in the development of UVMSs. Simulators can aid in the design of control approaches. By testing these approaches on simulators, the possibility of potentially damaging instabilities due to algorithm errors can be eliminated and the risks encountered when the control system is The associate editor coordinating the review of this manuscript and approving it for publication was Xudong Zhao . implemented in hardware can be reduced [1] . The interaction between the dynamics of the vehicle and the manipulator is strong due to hydrodynamic forces [2] . Moreover, the effect of hydrodynamics acting on the UVMS is to add the nonlinearities and uncertainties of the dynamics [3] - [6] . In order to achieve precise control of the UVMS, it is crucial to develop a stable, robust and high-performance decoupling control approach based on accurate dynamic simulations. Simultaneously, a proper geometric configuration of the AUV hull is also essential, as it could generate the smallest hydrodynamic forces.
The torpedo-type AUV is widespreadly used by all major manufacturers of AUVs due to its good features that generate the smallest possible drag coefficients [7] , [8] . In order to simplify modeling, the hull of AUV is assumed to be a spheroid or a cylinder to calculate the hydrodynamic coefficients [3] .
As to the torpedo-type AUV called REMUS, Prestero [9] used the strip integral method which is similar to strip theory [10] , [11] to calculate the added mass, drag and lift coefficients. In addition, the author found it necessary to adjust a subset of the calculated coefficients derived using the strip integral method, and these adjustments were based on comparisons with the experimental data [9] . It is discovered that the more accurate nondimensional hydrodynamic coefficients [12] for torpedo-type AUVs can be obtained based on comparisons with those of the REMUS data [9] , [13] .
After the dynamic model of the UVMS is developed, an appropriate control scheme can be developed. The coupling effects of the UVMS [14] - [16] are to increase the difficulty and complexity of designing appropriate controllers. The control approach to decouple the system based on feedback linearization is most used by researchers. Santhakumar [17] proposed a model reference control scheme for the UVMS. Korkmaz et al. [18] presented an inverse dynamics control law for an underactuated UVMS (U-UVMS). Taira et al. [19] developed a model-based control for the UVMS with one of the three types of servo subsystems. These methods are dependent on the detailed dynamic model of the system. However, in practice, it is rather difficult to obtain the exact hydrodynamic parameters in the underwater environment.
To overcome this problem, adaptive control methods have been proposed. Mahesh et al. [20] proposed a discrete-time adaptive control strategy for the coordinated control of an underwater vehicle and its robotic manipulator. Antonelli et al. [21] proposed a new adaptive control scheme for the tracking problems of the UVMS based on virtual decomposition approach which requires a reduced-order regressor. Taira et al. [22] developed an adaptive controller that uses radius basis function networks instead of feedforward terms including the regressors of dynamic system models. However, larger parameter uncertainties are difficult to adapt in these methods. Santhakumar and Kim [23] presented an indirect adaptive control method for the UVMS based on an extended Kalman filter (EKF); however the performance of this method is highly dependent on the performance of estimation, and the performance can be significantly degraded when the estimation has large errors. Dai and Yu [24] proposed an indirect adaptive control method for the UVMS based on an EKF and a H ∞ controller; however its control performance depends on the prior knowledge of the worst case disturbance assumption.
Therefore, it is necessary to design a robust and no-model-based controller for the UVMS. Sliding mode control (SMC) has been widely used as a robust and nonlinear controller for the UVMS [14] , [25] , [26] . It maintains high robustness against parameter uncertainties and external disturbances. However, SMC suffers from the chattering phenomenon. To handle this issue, the fuzzy logic control (FLC) is presented to adaptively tune the gains of SMC [27] , [28] . Esfahani et al. [29] presented an improved Time Delay Controller (TDC) consisting of a TDC term, a Terminal Sliding Mode (TSM) term and a proportionalintegral-derivative (PID) term for the UVMS, and the fuzzy rules were used to adaptively tune the gains of TSM and PID terms. Even though the chattering was significantly reduced, it was not completely eliminated.
Recently, the fusion of FLC with robust control (RC) has become a most promising control technique [30] - [38] . Because fuzzy logic controllers are usually designed based on intuitive standpoint, they are often more understandable [27] . Moreover, the performance and stability of robust fuzzy controllers can be ensured and meanwhile the number of fuzzy rules can be reduced [39] . Londhe presented a robust nonlinear PID-like fuzzy control scheme [40] and a new robust single-input fuzzy logic control scheme [41] for a task-space trajectory tracking control of the UVMS. Although there have been some research attempts to investigate the coupling effects due to hydrodynamic effects in the case of external disturbances, e.g. ocean currents, modelling these is still an open research topic. And very few research attempts to achieve both decoupling between the degrees of freedom of the subsystem and decoupling between the two subsystems. Moreover, when the desired trajectory of the system is designed, it is rarely to take the coupling effects into consideration. In addition to the coupling effects, the AUV used in practical applications is generally not fully actuated which complicates the problem.
Considering the aforementioned issues, this paper presents the closed-form dynamic equation of an UVMS. The UVMS consists of two subsystems, e.g. a torpedo-type AUV and a three-degrees-of-freedom manipulator. The hydrodynamic coefficients of the AUV are derived using strip theory and then are adjusted based on comparisons with the REMUS data [9] in terms of dynamical similarity. The hydrodynamic effects are incorporated in the dynamic equations of the manipulator as well. This paper also proposes a fuzzy decoupling controller (FDC) which is based on the fusion of the fuzzy algorithm (FA), error function (EF) and feedback linearization. The gain matrix of EF tuned by FA includes the off-diagonal elements to decouple the UVMS which has the nature of dynamic coupling. The estimations of the system matrices are incorporated in the controller as well. In addition, a desired decoupling trajectory for the AUV is designed. The key advantage of this method is that it achieves decoupling and linearization of the system, and also it ensures precise and robust performance in the case of parameter uncertainties and external disturbances. Simulation results are presented to demonstrate the superiority of the FDC over both the traditional fuzzy controller (FC) and the conventional PID controller with the inverse dynamic (ID) model as a feedforward control (PIDID). The gain matrix of FC does not incorporate the off-diagonal elements.
The rest of the paper is organized as follows. Section II describes the kinematic and dynamic modelings of the UVMS. The fuzzy decoupling controller is proposed in Section III. Simulation experiments along with comparative studies are conducted in Section IV. Section V holds the conclusions.
II. MODELING

A. KINEMATICS
The profile of the proposed UVMS is shown in Fig.1 . The motions of AUV include surge, sway, heave, roll, pitch and yaw. In the Inertial frame {I }, the position vector is described by the vector η 1 = [x, y, z] T and the orientation vector is represented in terms of
T the corresponding time derivative. The AUV attitude in terms of quaternions can be denoted with Q 2 = {ε, η}. In the Body-fixed frame {B}, the velocity vector is defined as ν
w] T is the linear velocity vector and ν 2 = [p, q, r] T is the angular velocity vector. Let q = q 1 , q 2 · · · q n T be the vector of joint positions, where n is the number of manipulator's link. The vectorq is the corresponding time derivative. Let us also define ζ = [ν T 1 , ν T 2 ,q T ] T . The coordinate system of manipulator's base mounted on the AUV hull is described by {0}. Fig.2 shows the profile of the system in x B -z B plane of frame {B}, where the ellipsoid is plotted for reference.
1) KINEMATICS OF THE AUV
The hull of AUV is chosen as a torpedo type due to its good features [7] shown in Fig.3 . The profiles of the bow and stern are modeled based on Myring equations [7] . The equations are as follows: Stern :
where a, b and c are the bow-section length, the midbodysection length and the stern-section length; l f = a+b−a offset is the forward body length. a offset and c offset are the missing lengths of the bow and stern respectively; n ν is an exponential parameter of the bow; β is the induced angle at the terminal stern; d is the diameter of the midbody; L is the axial position along the centerline. The velocity vectors of the AUV which are described in frame {B} and frame {I } are related via the following relation:
where
is the (6 × 6) Jacobian matrix of the AUV; R B I is the linear velocity transformation matrix and J v is the angular velocity transformation matrix. The values of R B I and J v both can be expressed in terms of Euler angles (roll (φ), pitch (θ) and yaw (ψ)), which can be referred to [21] .
Additionally, it is possible to take the effect of the ocean current into consideration, which is described by ν c (ν c ∈ R 6×1 ). In the case of an irrotational current, the 4th to 6th elements of ν c are zeros that ν c = [u c , v c , w c , 0, 0, 0] T . Then, the relative velocity is
2) KINEMATICS OF THE MANIPULATOR
The links of the manipulator are considered as cylinders in shape. Such a shape is one of the primary candidates for the link geometry for underwater manipulators. Fig.4 shows the establishment of the link coordinated systems, which yields D-H parameters shown in Table 1 . Based on the parameters of links in Table 1 , the homogeneous matrix of manipulator's end-effector with respect to the coordinate system of manipulator's base {0} can be expressed as
where n is the number of manipulator's link. 
Therefore, the rotation matrix and the position vector of the manipulator's end-effector with respect to the Body-fixed frame {B} can be represented as
where R B 0 and p B 0 are the rotation matrix and the position vector of frame {0} relative to frame {B}.
B. MOTION EQUATION OF THE SYSTEM 1) DYNAMICS OF THE AUV
The dynamic model of the AUV with the incorporation of the hydrodynamic effects and manipulator disturbances is derived and written in a closed form [3] as
With the hydrodynamic terms contributed by the velocity ν r shown in (4), the motion equation of the AUV is
where the lift matrix. g ν (η) is the vector of gravitational and buoyant forces and moments. τ ν is the vector of control inputs.
T is the disturbance vector of forces and moments due to the manipulator in the presence of ocean currents.
where r = [r 1 , r 2 , r 3 , r 4 , r 5 ] T is the position vector of five thrusters, as shown in Fig.5 .
In terms of the shape of the AUV, the above hydrodynamic coefficients in M A , D NL and D L have been calculated based on strip theory [9] . Refer to Appendix A for the details. Besides, it is necessary to adjust some coefficients derived in Appendix A. These adjustments are based on comparisons with the nondimensional hydrodynamic coefficients of REMUS [9] in terms of dynamical similarity. The nondimensional factors [12] of hydrodynamic coefficients are shown in Table 2 . The adjustment factors list below in Table 3 . Note that Table 18 in Appendix A lists the unadjusted hydrodynamic coefficients, while Table 10 in section IV lists the adjusted hydrodynamic coefficients.
2) DYNAMICS OF THE MANIPULATOR
The iterative Newton-Euler formulation is used to derive the dynamic model of the manipulator. Note that the initial velocity of the manipulator is equal to the velocity of the AUV. And the hydrodynamic effects such as: added mass, lift and drag forces are incorporated. The vectors of total forces and moments, F k and T k , on link k with respect to the link coordinate system {k} can be written as
where kν r,k is the linear acceleration vector of the center of mass of link k with the consideration of the ocean current. In terms of the constant and irrotational ocean current, 
where m qk is the mass of link k. r qk is the radius of link k. l qk is the length of link k. k is the displacement volume. ρ is the density of the fluid environment. The total friction forces and moments acting on the center of mass of link k are
where The buoyancy of link k is
where g is the gravitational acceleration. The link is assumed as a negative buoyant body. And the center of buoyancy is coincident with the center of gravity.
The vectors of forces and moments, k f k and k t k , between two adjacent links are written as
where R k k+1 is the rotation matrix that relates frame {k + 1} to frame {k}. k d k/k+1 is the position vector from joint k to joint k + 1, k d k/k c is the position vector from the center of mass of link k to frame {k}, k d k/k b is the position vector from the center of buoyancy of link k to frame {k}.
Then, the joint torques are
where z T is the unit vector along the z-axis.
In the case of ocean currents, the disturbance vector of forces and moments due to the weight and movement of the manipulator, σ r = [σ T f , σ T m ] T , can be calculated by (18) (19) .
where 0 f 1 and 0 t 1 are the vectors of the forces and the moments acting on the manipulator's base. d {B}/{0} is the position vector from frame {B} to frame {0}. Equations (18) (19) can be rewritten in a compact form as
where H 1 (q) and H 2 (q) are matrices of the inertia effects due to the manipulator. C i (q,q, ν r )ν r (i = 1, 3) is the vector of Coriolis and centripetal forces due to the interaction between the two subsystems. C 2 (q,q)q is the vector of Coriolis and centripetal forces due to the manipulator. D i (q,q, ν r ) (i = 1 · · · 4) is the matrix of drag effects due to the coupling effects between the two subsystems. g 1 (q) is the restoring vector due to the manipulator. The motion equation for the manipulator part of the system under conditions of ocean currents can be written as
where H T 2 (q)ν r is the vector of reaction forces and moments between the AUV and the manipulator. M m (q) is the inertia matrix (including added inertia) of the manipulator. C m (q,q) contains Coriolis and centripetal terms (including added Coriolis and centripetal terms) of the manipulator. D m (q,q) is the hydrodynamic damping and lift matrix of the manipulator. g m (q) is the restoring vector of the manipulator.
Then, based on (9), (20) and (21), the motion equation of the total system in the Body-fixed frame with the consideration of ocean currents can be derived as
where, 
III. PROPOSED CONTROL LAW
The six-degrees-of-freedom motions of the AUV are strongly coupled. That is to say that the rotational subsystem of the AUV is coupled with translational velocities. For instance, the pitch motion has a greatly influence on the heave and surge motions, and the movement in the yaw direction affects the sway motion. Moreover, the stability of motion of the AUV at low speeds can be influenced due to the coupling effects between the manipulator and AUV. In addition, the motions of manipulator's joints are also interactive. So developing a decoupling control approach for reducing the coupling effects is of interest in this paper. The decoupling controller adopts a fuzzy algorithm to adaptively tune the gain matrix of the error function of the system. Off-diagonal elements of the gain matrix are considered. And the estimated values of the system matrices are incorporated in the controller. The whole scheme of the proposed controller is shown in Fig. 6 .
A. FEEDBACK LINEARIZATION
Let's define system errors in the Body-fixed frame.
{ε, η} and Q 2,d = {ε d , η d } are the quaternions of η 2 and η 2,d respectively. Note that the attitude error of the AUV is described by the quaternion.
The error function of the system is described by the integral sliding surface function as
where k pv , k iv , k pm and k im are all constant, diagonal and positive definite matrices. To decouple the system, the dynamic equation of the UVMS in the case of ocean currents can be expressed as
. Then, the thruster forces are expressed as:
where F tb is the vector of thruster forces and manipulator's torques.
In terms of (28-29), the proposed control inputs are given by (31) (32) .
The gain matrix is expressed as
where A ν , A m , H 2 and H c are submatrices of the gain matrix. The inclusion of off-diagonal elements in A ν constributes to decoupling of the AUV. Likewise, the decoupling of the manipulator is benifited by incorporating the off-diagonal elements in A m . The decoupling between the AUV and the manipulator can be achieve by H 2 
where λ ν and λ m are constant, diagonal and positive definite matrices. θ is the pitch angle. 
, where (·) * denotes the nominal value that can be obtained based on strip theory, the CFD computation or the tank experiment analysis. The difference between the real value and the nominal value is denoted as the model uncertainty.
B. FUZZY ALGORITHM
Based on (31) (32) , it is known that the control performance largely depends on the value of the gain matrix, A. Its submatrices A ν , A m , H 2 and H c are defined as shown in (38) (39) (40) (41) .
In the case of strong external disturbances, the controller requires large values of the gain matrix. These high gains will result in high overshoot and even the instability of the UVMS. Besides, the UVMS is a highly coupled system. In order to avoid the problems of fixed-gain tuning and to decouple the system, the fuzzy algorithm (FA) is used to adaptively tune the gain matrix. 
where the diagonal element a ij (i = j), (i, j = 1, 2 · · · (6 + n)) is positive, which represents the coefficient of the i-th motion of the system. The off-diagonal element a ij (i = j) represents the decoupling coefficient between the i-th motion and the j-th motion. For example, a 33 is the coefficient of the heave motion. a 35 is the decoupling coefficient of heave motion which reduces the influence of the pitch motion on the heave motion. The meanings of other coefficients are in a similar fashion. Note that we neglect other small decoupling coefficients. And the decoupling coefficients including roll motion are neglected as well, as the roll motion is unactuated. The input variable of the fuzzy algorithm is the absolute value of the error function |s i | (i = 1, 2 · · · , (6 + n)), where s ν = [s 1 , · · · , s 6 ] T , s m = [s 7 , · · · , s 6+n ] T , and the output variable is a ij . The general form for the p-th rule is:
where A ip and A jp are the fuzzy sets for |s i | and |s j |. B ip , B jp , B ijp and B jip are the fuzzy sets for a ii , a jj , a ij and a ji . Next, we fuzzify the normalized |s i | and a ij by the gaussian membership function as shown in Fig. III-B , where Z is zero, and PM is positive middle, and PB is positive big. The universe of discourse of |s i | and a ij are [0, l s i ] and [l a ij , r a ij ].
Then, the Mamdani inference method and the centroid defuzzification method are used to achieve the values of normalized outputs. Finally, the actual output value a ij can be obtained based on denormalization.
The parameter a ij (i = j) determines the slope of the error function, and the higher it is the faster will the UVMS response be. However, in practice, the gain a ij (i = j) can not be selected as high as desired from the view point of avoiding the oscillatory response. The parameter a ij (i = j) measures the decoupling effects, and the larger it is the greater will the disturbance be, hence an appropriate small value for a ij (i = j) is required.
Based on the above analysis, the four sets of fuzzy rules for the outputs a ii , a jj , a ij and a ji are set up as shown in Tables 4-7 . The relationship between the fuzzy inputs and the fuzzy outputs are shown in Table 8 . 
C. STABILITY ANALYSIS
Comparing (28) (29) and (31) (32) , the above mentioned control inputs lead to the following error dynamics of the UVMS.
where τ dv and τ dm are the error vectors of control inputs for the AUV and the manipulator, and they combine the estimated errors such as
internal disturbances such as parameter uncertainties; and external disturbances such as ocean currents. It can be proved that the system error e = [e T ν , e T m ] T is asymptotically stable on condition that the diagonal coefficients of the controller are all positive and the error vectors, τ dv and τ dm , are both bounded. In other words, the system travels the given desired trajectory. Besides, the chosen controller coefficients satisfy the following conditions.
where λ(·) is the function of the eigenvalue. Therefore, e ν → 0, e m → 0, and it can be observed that the tracking errors of the system are converging to zeros asymptotically.
IV. SIMULATION EXPERIMENTS A. DESCRIPTION OF THE SIMULATING SYSTEM
Numerical simulations have been performed to explore the performance of the proposed control law on a torpedo-type VOLUME 8, 2020 AUV (as shown in Fig.3 ) equipped with a three-degrees-offreedom manipulator (as shown in Fig.4 ). The profile of the UVMS is shown in Fig.1 . The manipulator is mounted near the bow of the AUV. The AUV has five thrusters in total, including two propulsion thrusters, two vertical thrusters and one lateral thruster, as shown in Fig.5 . The manipulator is driven by brushless DC motors. The parameters of the UVMS are shown in Table 9 . Hydrodynamic coefficients of the AUV are derived using strip theory. Refer to Appendix A for the details. The adjusted values of hydrodynamic coefficients are shown in Table 10 .
Note that the Manipulator has negative buoyancy of 4.45N . Even though this design brings inner disturbances to the system, it could happen in practical applications. Besides, it can be assumed that this inner disturbance is generated by the payload variations. In order to maintain the stability of a submerged body, the center of gravity (CG) should lie below the center of buoyancy (CB). For this, the AUV is designed to have the CG vertically below the CB, as shown in Fig.2 . In such a way, it can be assumed that the hydrodynamic restoring forces and torques are large enough to stabilize the unactuated roll state. This means that the AUV can be exponentially stabilized through the control of only the actuated states.
To illustrate the effectiveness of the proposed controller, the comparison of the proposed FDC is made with FC and PIDID under two different tasks. To have similar comparison platform, both FC and PIDID are designed without decoupling the UVMS dynamics.
FC does not include the off-diagonal elements a ij (i =j) in gains compared to FDC, and its control input is given by τ = M(−As +ζ d ) + b (44) where
The control inputs of PIDID are given by
τ m = λ m (K pm e m + K dmėm + K im e m dt) + τ IDm (46) where K pv , K dv , K iv , K pm , K dm and K im are diagonal and positive definite matrices. λ ν and λ m are the same with those in (36) (37) .
, where (·) * denotes the nominal value which is available for control design.
The simulations are conducted based on the following assumptions:
• Parameters of the UVMS are assumed to be inaccurate, and each parameter has about 10% inaccuracy;
• An irrotational ocean current is added in the simulation, which is assumed to be slowly varying and governed by ν c = [0.2 0.02 0.1 0 0 0] T m/s;
• The fourth values of τ IDν and b ν are both set to be zeros as the roll motion is unactuated. • The effects of thruster dynamics and measurement noise are not directly addressed. Thrusters are identical ones.
• The sampling time for the simulation is 2 ms.
B. TASK DESCRIPTION AND RESULTS ANALYSIS
Two different tasks have been considered for numerical simulations. And the simulation results are presented to investigate the effectiveness of the proposed fuzzy decoupling controller. The parameters of FDC, FC and PIDID are shown in Table 11 . The universe of discourse of output variable considering ocean currents, a ij , is given in Table 12 . In addition, l s i = 0.05 (i = 1, 2, 3), l s i = 0.087 (i = 5, 6) and l s i = 0.52 (i = 7, 8, 9) . It is noted that the same values of the controller parameters are used throughout the two tasks, except some off-diagonal values in Table 12 .
1) TASK 1 AND RESULTS ANALYSIS
The first task is that the AUV is asked to track a given spatial trajectory, and the manipulator maintains in its initial configuration. In this condition, the AUV accelerates for the initial 20 s and attains surge velocity of 1 m/s (≈ 2 knots). Then, it maintains uniform motion within the following 100 s and decelerates to zero velocity for the final 20 s. In addition, other main motions, such as heave down and up and sway in and out, are included in the desired spatial trajectory of the AUV as well. This task is performed to identify the interaction between the AUV and the manipulator during the AUV motion in the presence of parameter uncertainties and external disturbances.
Here, two cases have been considered to design the desired trajectory of the AUV. Moreover, the effects of ocean currents are considered as well. In case 1 (c1), the coupling effects between the sway and yaw motions and the coupling effects between the heave and pitch motions are both considered. The desired trajectories of the yaw motion and the pitch motion are designed in accordance with the sway motion and the heave motion, respectively. During the sway in motion from zero to 7.5 m and the sway out motion from 7.5 m to zero, the yaw angle accelerates for the initial 20 s and attains 9 • , and then the yaw motion undergoes deceleration stage and acceleration stage for 40 s-80 s and attains −9 • , and it decelerates to zero for the final 20 s, as shown in Fig.10 (a) and (c) . In such a way, the movement of yaw motion is coordinated with the motions from sway in to sway out in the presence of ocean currents. During the heave down motion from zero to 7.5 m and the heave up motion from 7.5 m to zero, the pitch angle accelerates for the initial 20 s and attains −1.15 • , and then the pitch angle undergoes deceleration stage and acceleration stage for 40 s-80 s and attains 11.5 • , and it decelerates to zero for the final 20 s, as shown in Fig.10 (e) and (g). In such a way, the movement of pitch motion is coordinated with the motions from heave down to heave up in the presence of ocean currents. The average values of sway and heave velocities are both 0.125m/s (≈ 0.25 knots). The average values of angular velocities of yaw and pitch motions are 0.008 rad/s and 0.01 rad/s. In case 2 (c2), only the coupling effects between the sway and yaw motions are considered. The yaw angle is the same with that in case 1, while the pitch angle is chosen to be zero.
In the two cases, the manipulator's links are arranged to be folded. In such a way, the influences of the manipulator on the AUV are small. And manipulator's joint angles are q 1 = 180 • , q 2 = 0 • and q 3 = 180 • . The FDC is performed on the two cases termed as: FDC c1 and FDC c2 . And the FC and PIDID are performed only on case 1, which are termed as FC c1 and PIDID c1 . Fig.8 shows the desired 3-D trajectory and tracking control results of the AUV based on FDC c1 , FC c1 PIDID c1 and FDC c2 . The tracking control results of motions of the AUV and the corresponding tracking errors given by the controllers can be observed in Fig.9-Fig.11 . The simulation results based on FDC c1 are presented in Fig.12 . These results illustrate TABLE 12. Universe of discourse for output variable a ij (where ·/· denotes that the values before / are for task 1 and the values behind / are for task 2)). that the three controllers in two cases are all good to track a given spatial trajectory. From these figures, it is observed that, the tracking errors of surge, sway and heave motions are within ±0.015 m, ±0.005 m and ±0.005 m; and the tracking errors of yaw and pitch motions are within ±0.5 • ; and the errors of roll, q 1 , q 2 and q 3 are within ±2.5 • , ±0.5 • , ±1.5 • and ±1.5 • ; which are all within the design limits (±0.02 m and ±8 • in positions and orientations, respectively). During the vehicle trajectory tracking, the surge, yaw, pitch and roll motions of the vehicle are greatly influenced by the dynamic coupling between degrees of freedom of the vehicle, by the manipulator inclusion, and also by the external disturbances such as ocean currents. The proposed control scheme FDC c1 and FDC c2 outperform FC c1 which compensates these coupling and disturbance effects simply by adopting off-diagonal elements a ij (i = j) in the gain matrix. And the results of PIDID c1 are inferior to those obtained when using FC c1 , as we adopt the fuzzy algorithm to adaptively tune the diagonal coefficients a ij (i = j) in the gain matrix. As observed from Fig.10 (f ) and (h) , an initial pitch angle variation drifts occur in the heave direction during task 1 (during acceleration stage). Besides, the vehicle motion and external disturbances cause the initial joints 1, 2 and 3 angles variation drifts during the acceleration stage of task 1 (refer to Fig. 11 (b)-(d) ). However, these unwanted effects are successfully compensated in the proposed control scheme and therefore tracking errors are within their design limits. In addition, in order to sustain the effectiveness of the proposed controller, a quantitative analysis is done based on integral of the absolute error (IAE) and integral of the time absolute error (ITAE), as shown in Table 13 . Form these indices, it is to be noted that FDC c1 provides reduced tracking errors in comparison with FC c1 , PIDID c1 and FDC c2 schemes.
The thruster forces and manipulator's torques on individual components of the UVMS are presented in Fig.13 . Table 14 reports the time integral of the 2 norms of vector F tb obtained in Task 1 VOLUME 8, 2020 simulations over a 120 s duration. It is easy to recognize that during Task 1, case 1 (c1) are less energy-consuming than case 2 (c2). Moreover, the reduced energy consumption may be expected to result in decreasing in energy consumption for an autonomous UVMS, which is a remarkable advantage because of energy storage limitations of AUVs. Therefore, the proposed decoupling trajectory ((c1)) becomes the more attractive the longer is the duration of the manipulative task. VOLUME 8, 2020 In addition, it is observed that the thruster forces in FDC c1 are approximately within ±50N and the joint torques are within ±2Nm, which are well within the limits for the chosen thrusters and actuators. It is worth noting that external disturbances such as larger time-varying ocean currents are difficult to be adapted in the PIDID scheme based on the simulation results (which are not included in this paper due to the limited space).
All in all, it is evident that with respect to the above two measures, FDC c1 outperforms FC c1 , PIDID c1 and FDC c2 in terms of robustness to parameter uncertainties and ocean currents, and provides superior performance in terms of tracking errors and energy consumption.
2) TASK 2 AND RESULTS ANALYSIS
In the second task, the AUV maintains station keeping and the manipulator has a repeated desired trajectory. This task is performed to identify the station keeping ability of the AUV during the movement of manipulator in the case of parameter uncertainties and external disturbances. The initial velocities and positions of the AUV are chosen to be zeros. And the initial joint angles of the manipulator are arranged to be q 1 = 0 • , q 2 = 40 • and q 3 = 45 • . The initial joint velocities are zeros. And the desired joint angles are as follows. q 1d accelerates from 0 • to 86 • in the initial 15 s and decelerates to zero in the following 15 s. q 2 rotates from 40 • to −46 • in the initial 15 s and then rotates to 40 • in the following 15 s. And q 3d = 45 • . The average angular velocities of q 1 and q 2 are both 0.06 rad/s. The desired manipulator's end-effector trajectory and control tracking results based on three methods are given in Fig.15. Fig.16 reports the simulation results based on the proposed method (FDC). These results illustrate that the three controllers are all good enough to track the desired repeated trajectory. From Fig.17-Fig.18 , it is observed that based on the three controllers the errors of surge, sway and heave motions are within ±0.015 m, ±0.005 m and ±0.005 m; and the errors of roll, pitch and yaw motions are within 8 • , ±0.2 • and ±0.2 • ; and the tracking errors of q 1 , q 2 and q 3 are within ±1.5 • , ±3 • and ±3 • ; which are all within the design limits (±0.02 m and ±8 • in positions and orientations, respectively). From Fig.17 , it can be observed that the vehicle state errors are minimized in the proposed control scheme (FDC) by adopting a fuzzy algorithm to adaptively tune the gain matrix with off-diagonal elements for the reduction of the interaction effects. As observed from Fig.18 (d) and (e), the coupling effects and external disturbances cause an initial joints 2 and 3 angle variation drifts during the manipulator motion. However these unwanted effects are better compensated in the proposed control scheme (FDC) than in the FC and PIDID. From the overall results, it is observed that the UVMS is affected by parameter uncertainties, external disturbances; however, FDC provides better station-keeping performance of the AUV and better trajectory tracking performance of the manipulator compared to FC, and the performance of FC is better than that of PIDID. This can be verified by quantifiable analysis as shown in Table 15 . From Fig.19 , it is known that the thruster forces are within ±25 N, and the joint torques are within ±3 N·m, which are well within the ranges of the chosen thrusters and actuators.
In terms of the above simulation results under the two tasks, it is concluded that compared to PIDID, FC takes advantages of the fuzzy algorithm to adaptively tune the gain matrix. Moreover, compared to FC, FDC takes advantages of the inclusion of the off-diagonal elements in the gain matrix to further decouple the system on the condition of parameter uncertainties and external disturbances. In addition, the thruster forces and manipulator's torques can be reduced through designing a decoupling trajectory (case 1) for the AUV in consideration of both the coupling effects between the sway and yaw motions and the coupling effects between the heave and pitch motions.
In this paper, the motor dynamics of the manipulator actuators are not considered, as we assumed that the manipulator is driven by brushless DC motors. Consequently, it is supposed that the motor's torques of manipulator actuators are applied without any delay. During this study, the effects of measurement noise are not addressed. It is assumed that the noise and drift generated by the inertial sensors do not have considerable effect on control performance [18] . That's because of the fact that the rate gyroscopes and accelerometers are low-noise and fast-dynamics sensors and the further assumptions that some auxiliary equipment, e.g. magnetometers [42] are used to compensate for the gyroscope drift and a suitable terrain aided underwater navigation technique [43] is applied to compensate for the accelerometer drift. In the simulations, the sampling time for simulation is 2 ms (i.e. sampling frequency is 500 HZ). In this case, the control algorithm is insensitive to the time-step value provided that the sampling frequency is chosen to be not less than ten times the maximum frequency parameter of the controller.
V. CONCLUSION
In this work, the most dominating hydrodynamic coefficients for a torpedo-type AUV are derived using strip theory and are adjusted according to dynamical similarity, which provides a new solution for obtaining the more accurate hydrodynamic coefficients. The dynamic model of the UVMS with closed-form equations provides an insight into the coupling effects between the two subsystems and the coupling effects between degrees-of-freedom of the subsystem. Having a clear understanding of the interaction is beneficial for designing the proposed fuzzy decoupling controller. The gain matrix including off-diagonal elements tuned by a fuzzy algorithm is incorporated into the control strategy to decouple the system. This scheme possesses robustness to parameter uncertainties and external disturbances. The desired trajectory of the AUV in consideration of the coupling effects between degrees of freedom of the AUV is designed. Comparing with the simulation results of the traditional fuzzy controller (FC) and the conventional PID controller with the inverse dynamic model (PIDID), it is demonstrated the superior performance of the proposed method (FDC) in terms of tracking error norm. Comparing with the simulation results in the case 2, it is demonstrated the superior performance in the case 1 in terms of energy consumption. This technique can be extended to the other vehicle states since the insight into the coupling effects is provided. This paper has been verified by numerical simulations alone. Even though this is an important first step, actual underwater experiments must be conducted to understand the challenges associated with the implementation of our proposed fuzzy decoupling controller. And it is crucial that the suitability and the advantages of our proposed control scheme are experimental validated. Nevertheless, the development of an experimental system for an UVMS is commonly expensive, which is an obstacle to performing the experimental analysis. For field experiments at sea, in addition to the development of an experimental UVMS, it is necessary to adopt a support ship to carry the experimental UVMS to an experimental site. And researchers on the support ship could observe and communicate with the experimental UVMS. Even with the pool experiments, a large water tank is required. Therefore, it would be useful to perform computer simulations to justify the effectiveness of the proposed control approach before the experiments in the pool or at sea, which not only saves on the cost and time needed but also reduces the risks encountered when the control system is finally implemented in hardware. The extensive underwater experiments on the proposed controller would be conducted when an autonomous UVMS becomes available in the future.
APPENDIXES APPENDIX A COEFFICIENT DERIVATION A. ADDED MASS COEFFICIENTS 1) AXIAL ADDED MASS
To estimate the axial added mass, the vehicle hull shape is approximated by an ellipsoid shown in Fig.2 . The following empirical formula of the axial added mass is given in [44] .
where ρ is the density of the surrounding fluid. α is empirical parameter determined by the ratio of vehicle length l to diameter d. When l d = 7, α is measured as 0.03585 by Blevins [44] . The final value of Xu is given in Table 18 .
2) CROSSFLOW ADDED MASS
Strip theory is used to calculate the added mass of vehicle. The added mass of per unit length of a single cylindrical slice is given in [10] as
where R(x) is the hull radius given by (1) (2) , which is a function of axial position. The added mass of a circle with fins is given in [44] as: where, a fin is the maximum height above the centerline of the vehicle fins. Integrating (48) and (49) over the vehicle axial length, the crossflow added mass are obtained.
x f2
x f
x f2 Table 16 shows the fin parameters. Table 17 shows the limits of integration. The final crossflow added mass coefficient values are given in Table 18 .
3) ROLLING ADDED MASS
To estimate the rolling added mass, the following assumptions will be made.
• The relatively smooth sections of the vehicle hull do not generate any added mass in roll.
• The added mass generated by small protuberances will be neglected. Given these assumptions, only the hull section containing the vehicle fixed fin is considered. The empirical equation for the added mass of a rolling circle with fins is given in [44] as
where a is the fin height above the vehicle centerline. The final value of Kṗ is given in Table 18 .
B. DAMPING TERMS
The UVMS is a highly coupled and nonlinear system. In order to simplify modeling, the following assumptions will be made.
• Assume the vehicle is symmetric in both horizontal plane (xy−plane) and vertical plane (xz−plane).
• Any damping terms greater than second-order will be neglected.
• The linear and angular coupled terms will be neglected.
1) AXIAL DRAG
Equation (59) yields the axial drag coefficient.
where ρ is the fluid density. A f is the frontal area of the vehicle. c d is the axial drag of the vehicle which can be calculated [45] as
where A p = lp is the vehicle plan area. The estimated value of c s is 3.397 × 10 −3 in [45] .
2) CROSSFLOW DRAG
The cross flow drag is considered to be the sum of the hull drag and the fin drag. Based on the strip theory, the hull drag is approximated as the sum of the drags on the two-dimensional cylindrical vehicle cross-sections. This is a rough estimation. It is necessary to adjust the crossflow drag terms based on comparisons with the experimental data. The nonlinear crossflow drag coefficients of the vehicle are represented as follows:
where ρ is the fluid density. R(x) is the hull radius shown in (1) (2) . c dc is the drag coefficient of a cylinder which is estimated as 1.1 in [45] . c df is the cross flow drag coefficient of the fins which is estimated as 0.56 in [9] . x fin is the axial position of the fin. S fin is the fin planform area. Table 16 shows the fin parameters. Table 17 shows the limits of integration. The final crossflow drag coefficient values are given in Table 18 .
3) ROLLING DRAG
The rolling drag is approximated as the drag of fins, as shown in the following equation.
where Y vvf is the rolling drag coefficient of the fin. r mean is the mean fin height above the vehicle centerline. This is a rough approximation for the actual value. It would be better to correct this term based on comparisons with the experimental data. The fin parameters are given in Table 16 . The final value of K p|p| is given in Table 18 .
C. LIFT
The lift force is considered to be the sum of the hull lift and the fin lift. Based on the empirical formula developed by [46] , the lift force coefficients are expressed as follows:
where c lb is the body lift coefficient which is expressed as c lb = ( l d )c 0 lb ( 180 π ) in [46] , where (c 0 lb = 0.003, when 6.7 ≤ l d ≥ 10). c lf is the fin lift coefficient. The lift moment coefficients are expressed as follows: where x cp = −0.65l − x zero and x zero = −x cg . x cg is the center of gravity with respect to the origin of the vehicle nose. Table 16 shows the fin parameters. The final lift coefficient values are given in Table 18 .
APPENDIX B ITERATIVE FORMULA OF LINEAR AND ANGULAR VELOCITY AND ACCELERATION
The integration algorithm for the revolute joint can be referred to [47] . Outward iterations k:0 → n − 1
where R k+1 k is the rotation matrix that relates frame {k} to frame {k + 1}. z is the unit vector along the z−axis. q is the generalized joint position. k ω k is the angular velocity of link k. kω k is the angular acceleration of link k. k ν k is the linear velocity of link k and kν k is the corresponding time derivative. k+1 ν c,k+1 is the linear velocity of the center of mass of link k + 1 and k+1ν c,k+1 is the corresponding time derivative. k+1 d k+1/k is the position vector from joint k + 1 to joint k. k+1 d k/k c is the position vector from frame k (joint k + 1) to the center of mass of link k. WENZHI LIU has been a Professorate Senior Engineer of the College of Information and Communication Engineering, Harbin Engineering University, since April 2019. His current research interests include underwater robotics and other new unmanned systems of oceans. VOLUME 8, 2020 
